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Abstract 
 
Mold growth on the surface of wooden façades is usually dealt with by using surface treatment such as paint with 
fungicides. However, new developments in architecture are moving towards less use of coating, and more use of 
untreated wooden claddings. Mould growth is well understood and described, and several models for predicting 
mould growth on building materials exist. It is commonly known that mould growth is directly controlled by the 
climate which the wood is exposed to. Several authors identify humidity, temperature and time as the main drivers 
of mould growth. However, most of the current growth models developed are based on laboratory measurements at 
stable climatic conditions. Consequently, these models are less suitable for prediction of mould growth on exterior 
surfaces exposed to rapidly changing weather conditions. This paper analyses the effect of variations of 
meteorological data on the mould growth on wooden claddings. An experimental setup of wood samples was 
exposed to outdoor conditions and hourly weather conditions as well as the mould growth at different intervals were 
measured. The measurements were supplied with 1-D Heat And Moisture (HAM) simulations to provide a more 
accurate estimate of the conditions on the surface of the samples. The purpose of the analysis was to evaluate if an 
existing mould growth model might be applicable also for predicting outdoor mould growth. Several profiles of 
temperature and moisture were continuously monitored on different locations of an eight-story building made from 
Cross Laminated Timber (CLT). The results from the analysis of the samples of wood cladding were used to model 
the mould growth on different locations of the building. Also the drying effect of wind around the building was 
studied. The study shows that there is large variation of potential mould growth on the façade of the building. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
The spatial distribution of mould on exterior cladding is determined by the growth conditions on the surface. The 
mould usually does not penetrate the surface very deeply thus the growth conditions are mainly determined by the 
moisture and the temperature on the surface. These parameters will again depend on the exterior microclimate and, if 
the wall is poorly insulated, interior climate. Mould on façades usually does not affect the structural properties of 
wood, but has large effect on the service life of the cladding. Figure 1a) shows a wooden cladding where the effect 
of heat loss trough the wall plays an important part in the distribution of mould growth. It is visible how the heat 
transfer trough the studs are higher than through the isolated parts of the wall, and how this small thermal bridge 
affects the mold growth. However, as walls are more insulated in modern buildings, the effect of the exterior climate 
on mould growth increases. 
Mould growth in buildings has been studied extensively and there exist several models for the growth of mould 
(e.g., [1, 2]). The models are typically empiric relations between climatic conditions and visual observation of mould 
to which statistical analysis has been employed. Common for these models is that they usually rely on relatively 
stable climatic conditions created in laboratory. This causes the models to be accurate in the laboratory climate and 
less accurate in the highly variable outdoor conditions. Some authors advise explicitly not to apply their models in 
outdoor climatic conditions [6]. 
The term “climate” is often described as the average of meteorological conditions. The diurnal dynamics of the 
climate of a wall will have large variations. When a façade is exposed to a glimpse of direct sunlight  for some 
minutes, the temperature in the surface rises immediately due to the absorption of the solar radiation and can be 10- 
30 degrees C higher than the air temperature. When averaging a meteorological parameter, the averaging period or 
time scale is important for the result. Micro scale climate is usually described to have a time scale of seconds to 
hours whereas macroclimate is described with a time scale from half a day to a week. In the application of mould 
growth models to exterior façades it appears that the microclimatic conditions will have to be applied to organisms 
that we up to now study with a macroclimatic approach. The purpose of this work was therefore to explore the 
effects of using surface conditions at shorter time intervals to predict mould growth on outdoor façades. The 
predictions will be validated against mould rating measurements in an experimental setup, and then applied to the 
four façades of a building made from Cross Laminated  Timber (CLT). 
 
 
 
Figure 1. a) Variation of mould growth on façade caused by varying microclimate on wall,  b)  temperature 
distribution on the wall 
 
2. Models and method 
 
2.1 HAM simulations 
 
Wood is heterogeneous in structure and constantly in a state of changing (i.e. shrinking, swelling, degrading). 
Traditional resistance based moisture sensors are sensitive to development of cracks in the wood, chemicals from air 
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pollution, orientation of annual year rings, temperature and moisture gradient. Several of these effects are smaller or 
even eliminated just 3 mm below the surface. However, at this depth, the conditions are often very different from the 
surface. In this study, a 1D-Heat And Moisture (HAM) numerical simulation software  is used to calculate the 
surface conditions of the cladding based on meteorological input. The simulations are validated with measurements 
of moisture in 3mm depth of the cladding and it is assumed that the simulations are sufficiently accurate to predict 
the conditions on the surface of the cladding. 
The 1D HAM simulation tool used in the study is the well-documented WUFI [3] from Fraunhofer Institute. This 
tool calculates the transient behavior of heat and moisture in a multilayered wall. Important input is the physical 
properties of the different layers in the wall such as moisture storage function, (describing the relation between 
moisture uptake in the material to moisture in the surroundings), the Convective Heat transfer Coefficient (CHTC) 
and the Convective Moisture Transfer Coefficient (CMTC) (which describes the transfer of heat and moisture to the 
surrounding air as a function of wind speed). Several authors have studied  the wind dependency of the  CHTC, 
which is reviewed in [4]. In the present simulations, the following two models for leeward and windward facing 
walls are assumed: 
CHTC1eeward  = 0.33u + 4.5 + 6.5 [W/m2K] (1) 
CHTCwindward = 1.6u + 4.5 + 6.5 [W/m2K] (2) 
Here u is the wind speed and 4.5 [W/m²K] is the convective heat transfer coefficient for u=0 m/s and 6.5 
[W/m²K] is the radiative component. 
The hourly meteorological conditions including precipitation, wind and solar radiation is also input to the 
simulations. 
Two different objects were simulated with the HAM tool. First, an experimental setup consisting of wood 
substrates of different types exposed to natural meteorological variations and simultaneously monitored for mould 
growth. Secondly, an eight story high building made of Cross Laminated Timber (CLT) with wooden cladding. The 
first setup was done to quantify the mould growth on easily accessible samples, which results were to be applied to 
the eight-story building. The experimental setup was situated approximately 800 meters from the building, giving 
similar exposure to meteorological parameters at the two sites. 
 
2.2 Experimental setup 
 
To monitor the mould growth during transient meteorological conditions, a rack with five different cladding 
materials was installed in an open field as shown in Fig. 2a). The mould growth was quantified 7 times during the 
period from August 2013 to January 2014, using ISO 4628-1 where both the amount of mould growth and the size 
of the mould stains are quantified on a scale from 0 to 5. The rating system is one of several different, which makes 
it difficult to compare different research results. The moisture content at 3mm depth from the surface of the wood 
samples was continuously measured using resistance based technique. The temperature of the wood was measured 
simultaneously to be able to correct the moisture measurements as described in [5]. All relevant meteorological 
parameters were measured at a distance of less than 50 meters from the wood samples and used as input to the HAM 
simulations. Since the experimental setup was equipped with a small roof which might reduce the amount of driving 
rain in some situations, the HAM simulations were also made without the additional moisture from driving rain. 
 
2.3 CLT building 
 
The eight story CLT wooden building is shown in figure 2b) and has a wall structure as shown in figure 2c). The 
wall is very well insulated, and it is not expected variations in thermal conditions throughout the façade due to 
thermal bridges. The building was equipped with several sensors, measuring profiles of temperature and moisture in 
the walls. In addition, ambient weather was measured on the roof of the building. The building was monitored from 
before it was adopted and 15 month in operation. A total of 12 temperature sensors and 18 moisture content sensors 
were installed in various positions of the walls. Figure 2c) shows a section of the wall and the position of a typical 
installation. The cladding on the building is somewhat different from the claddings in the field experiments since the 
building cladding is treated with an iron sulphate solution. 
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Figure 2. a) Experimental setup, b) 8 story CLT building and c) section of wall with monitoring positions. 
 
2.4 Mould growth models 
 
Thelandersson & Isaksson [2] proposed a mould resistance design (MRD) model based on a dose –response 
relationship, where onset of growth can be predicted by combining relative humidity and temperature for any given 
climate. The MRD-model is controlled by a basic parameter in the form of a critical dose Dcrit, which depends on 
the substrate or material surface on which growth may take place. Separate doses for moisture and temperature are 
computed using 12-hour mean values of ambient temperature and ambient relative humidity in controlled laboratory 
environments, and the total dose is a combination of these two doses. Warm and wet conditions (T > 0.1°C, RH > 
75 %) yield a positive total dose, whereas conditions that are unfavorable for germination and mould growth (RH > 
75% and/or T < 0.1°C) yield negative doses. The MRD model simulates the growth process up to the limit state of 
onset of mould growth, and is therefore only valid up to rating 2 “sparse but clearly established growth”. However, 
as pointed out by the author sin [2], model response above this level can be looked upon as a measure of how the 
limit state is exceeded, but should not be compared to the development of established mould. 
The MRD model was applied to our outdoor experiment to compute predictions of mould growth on the North 
and the South side, during the period of 6 months from August 2013 to January 2014. Instead of using ambient 
values of RH and T, 12h mean values of the surface of the material derived from the HAM simulations were used. 
The mould predictions derived from the MRD model were compared with the visual mould rating measurements. 
For the CLT building, mould predictions were computed for all directions, North, South, East and West. Also here 
the 12 hour mean values of RH and T at the surface of the material were used.  Although the 12 hour mean takes 
into account the day/night variations to some extent, the value will differ whether you compute the mean value from 
noon to midnight, or from morning to evening. The 12 hour mean was therefore computed in both ways to describe 
the influence this has on the mould growth prediction. 
 
3. Results and discussion 
 
3.1 Experimental setup 
 
A good agreement was found between the moisture values measured at 3mm depth of the cladding samples in the 
experimental setup and the HAM simulations, as shown in Figure 3a) for pine on the North side, during the period 
February 1th to April 1th 2014. When looking closely at a section of the RH at the surface of pine (Fig. 3b) we see 
that the 1h mean values capture the moisture change due to nighttime cooling. The 12h mean values however, 
capture these values to a lesser extent. Moreover, it should be noted that a 12h mean computed from noon  to 
midnight captures some of the daily variations whereas the 12h mean values computed from early morning to early 
evening hardly capture any variation at all. In the particular example shown we see that the 1h mean values capture 
periods of RH > 80 %, often stated as a critical condition for mould growth (e.g., [7]), whereas the 12h mean 
computed from morning to evening would not identify any period of conditions for mould growth. Thelandersson 
and Isaksson state in [2] that 12h mean values must be chosen rather than 24h mean values to predict mould growth. 
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Figure 3 a) Temperature corrected measurements (Samuelson) and modelled MC in 3mm depth, b) modelled RH in 
surface layer, c) measured and observed mould rating on samples (continuous lines representing mean of discrete 
observations), d) modeled difference in solar radiation and RH between N and S sides. 
 
The mould rating from the observations on the samples of pine shows a large variation from the north side to the 
south side of the rack, as well as variations between the samples on both sides, shown as lines (mean value) and 
individual points in Fig. 3c). The difference between north and south can be explained by the differences in moisture 
and temperature on the surface due to solar radiation. Figure 3d) shows the simulated difference in RH in the surface 
layer between north and south side over a period of 41 days.  The figure also shows the difference in solar  radiation 
on the two sides. It can be seen that a period with large difference in RH corresponds in time to a large difference in 
solar radiation. The predicted mould growth from the MRD model, computed with the 12h mean surface conditions 
of moisture and temperature, is also shown in Fig. 3c). The model predictions of the onset of mould growth, as well 
as the growth during the first three months, agrees with the observations both on the north and the south side. 
However, after 100 days (corresponding to mid-December) a setback of the mould growth is observed, and the 
MRD model translates this as not only a setback in growth, but even as a disappearance of the existing growth. This 
can be explained since the MRD model is valid only for the period until the limit of onset of mould growth, and 
should not be applied to established mould [2]. Nevertheless, the MRD model predictions give a good indication of 
the first mould growth period and a good overall picture of the favorable periods for growth on the  samples. 
 
3.2 CLT building 
 
The measured moisture content in 3 mm depth of the cladding in the eight stories CLT building was used as 
validation for the HAM simulations. Figure 4 a) shows how the HAM simulations reproduce the measurements on 
the north façade of the building. The same simulation setup is used for all the four façades of the building, facing 
North, South, East and West. Figure 4b) shows the mould growth on all these façades according to the model in [2], 
given that the cladding was untreated. It can be seen that the difference in microclimate on the four façades gives 
large variation in mould growth.  Figure 4c) shows the sensitivity of the averaging period of the model. Using an 
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averaging period from noon to midnight, the model will in some cases, predict a mould rating that is up to 30% 
higher than the predicted mould rating using the averaging period from morning to afternoon. This indicates that the 
effect of the transience of surface conditions is not fully adopted in the model. The effect of wind dependent  CHTC 
is shown in figure 4c). If the wind dependent CHTC in eq. 1 and 2 is not assumed in the simulation, the mould 
growth model predicts a significantly higher mould rating than if wind is included in the simulations. This indicates 
that a wind dependent CHTC and accurate input of wind speed close to the façade is important for the accuracy of 
the mould growth simulations. 
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Figure 4. a) Measured and modeled MC in 3mm depth in north wall of CLT building, b) modeled mould rating on 
building c) sensitivity of the mould rating model to wind and averaging period. 
4. Conclusions 
 
HAM numerical simulations have been carried out for an experimental setup of outdoor claddings facing north 
and south. Comparisons with measured values of moisture content at 3mm depths indicate that  the  HAM 
simulations can be used to describe the surface conditions of outdoor façades. Predictions of mould growth was 
carried out on the outdoor claddings using an existing model from [8] and compared with visual standardized mould 
rating. The onset and first growth period of mould growth agreed and the prediction model furthermore yields a 
good indication of the mould growth rate as a function of the surface climate. HAM simulations and  mould 
prediction modeling was further carried out for an 8 story CLT building for the façades facing N, S, E, and W. The 
results show clear differences between the four directions and that only the N and E sides seems subjected to mould 
growth rating higher than 1. Moreover, the model predictions also yield different results whether the 12h mean 
values of the moisture and temperature are computed from morning to evening or from noon to midnight. This 
indicates that care should be taken when selecting time intervals in the meteorological data for predicting mould 
growth. The simulations also shows that wind has important effect on the performance of the mould growth model. 
This means that the predictions can improve with more accurate models for wind dependent CHTC. 
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